This work is dedicated in memory of Dr Nigel Botting, who died after a short battle with cancer in June 2011 aged 48. He is sadly missed by friends, colleagues and students in St Andrews.
Persistent and stable radicals of the heavier main-group elements are currently attracting considerable attention as functional molecular materials in which the unpaired electron associated with the radical species acts as a charge carrier and/or magnetic coupler, forming non-metallic ferromagnets and electrically conductive main-group compounds. [1] [2] [3] [4] Overcoming factors which affect radical stability of heavy main group elements is therefore a synthetic challenge, whilst the value of these species for use as modern materials stems from the ability to understand and thus tune their magnetic and electronic properties. [1] [2] [3] The possibility that an E•••E' intramolecular interaction could serve to stabilise chalcogen radical cations and dications was first reported by Musker and Asmus following studies of 1,5-dithiocane 1 (Scheme 1) and related cyclic and acyclic sulfur compounds. [5, 6] A short time later, Furukawa and coworkers isolated the structure of 1
2+
, which was the first example of a cyclic dithiocane dication. [7] Subsequently they proposed the existence of the Te analogue of 1 2+ based in particular on Te NMR. [7] Glass et al. subsequently proposed that the effects reported by Musker and Asmus may be enhanced in a geometrically constrained derivative of 1,5-dithiocane, naphtho [1,8-b ,c]-1,5-dithiocin 2 (Scheme 1), in which the geometry and rigidity of the naphthalene ring created a greater overlap of the sulfur p type lone pair orbitals, thus increasing the lone-pair lone-pair interaction. [8] Oxidation of naphtho [1,8-b ,c]-1,5-dithiocin 2 was subsequently achieved using D2SO4 as an oxidant, with the stereochemistry of the naphthalene based 1,2-dication 2 2+ proposed via 1 H and 13 C NMR spectroscopy. [9] In a further development, Furukawa et al. reported a similar oxidation of the non-cyclic bis-tellurium derivative 3, with a dramatic downfield shift observed in the 125 Te NMR spectrum (δ = 964 ppm 3 2+ (D2SO4), cf. δ = 617 ppm 3 (CDCl3)) indicative of a dicationic structure (3 2+ , Scheme 1). [10] Nonetheless these dication species remain elusive and difficult to isolate with only five known examples having been isolated and crystallographically characterised. [11] Scheme 1. Peri-substituted chalcogen systems are prime candidates for stabilizing radicals and 1,2-dications.
Nonbonded intramolecular interactions, long known to exist between large heteroatoms in peri-substituted species, have been studied in naphthalenes and related acenaphthenes incorporating elements of Groups 15-17. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] In a systematic study of corresponding Nap [EPh] [E`Ph] and Acenap [EPh] [E`Ph] compounds (Nap = naphthalene-1,8-diyl; Acenap = acenaphthene-5,6-diyl; E/E` = S, Se, Te), we found that under the appropriate geometric conditions, repulsion occurring between the heavier chalcogen congeners is counterbalanced by the formation of quasi-linear CPh-E···E` threebody fragments, adding an attractive component to the periinteraction in the form of a three-centre, four electron type bond. [14, 18, 22] We speculated that the unique geometry of these peri-substituted systems could provide the stability required for preparing chalcogen radicals and 1,2-dications similar to dications 2 2+[9] and 3 2+ , [10] via successive one-electron oxidations of the parent compounds. In the present paper we describe the electrochemically informed synthesis of tellurium dication A3 2+ (Scheme 2) from the reaction of 5,6-bis(phenyltelluro)acenaphthene A3 (Scheme 1) with one-electron oxidants silver(I) tetrafluoroborate (AgBF4) and silver(I) trifluoromethanesulfonate (AgOTf). Under the same experimental conditions, analogous compounds A1 and A2, bearing the lighter Group 16 congeners (S, Se), favour coordination over oxidation when treated with AgBF4, affording two isomorphous three-dimensional (3D) silver(I) supramolecular coordination networks (A1-Ag, A2-Ag, (Scheme 2). Cyclic voltammograms (CVs) were obtained for A1-A3 at GC and Pt electrodes ( Figure 1 , Table 1 ). In CVs of all three compounds, three oxidation but no reduction processes are evident up to the solvent/electrolyte limits (−2.4 V; > +1.8 V). The CV of A1, displays a moderately large return wave for the first oxidation process at Em1 = 0.62 V which does not increase with increasing scan rate whilst the second oxidation process with Ep a2 = 1.12 V is irreversible (IRR) at scan rates below 10 V s −1 . At the latter or higher rates, only a minor return wave appears. In contrast, the first oxidation process for compound A2 with Em1 = 0.48 V has a large return wave over all scan rates, whilst the second at Em2 = 0.76 V has a moderate return wave which grows slightly in peak current height with increasing scan rate. For compound A3, the closely spaced processes occur at Em1 = 0.05 V and Em2 = 0.21 V. All processes appear at best quasi-reversible (QR) based on the anodic-cathodic peak separations (Table S1 ) and unequal Ia and Ic values, consistent with substantial molecular reorganization accompanying electron transfer (see below). The overlaid CVs in Figure 1 highlight the dramatic chalcogendependence of the voltammetric processes; changing SSeTe results in both a steep reduction in the onset potential for oxidation and in the spacing of the waves such that Ep is only 0.17 V for A3. The validity of interpreting E 1 and E 2 as sequential one-electron oxidations is substantiated by peak current heights congruent with equimolar internal reference as well as by the observations of radicals subsequent to E 1 . (For each species, an additional process is observed at substantially higher potentials (Table S1 ) which are IRR and are not further discussed.)
The CV studies were complemented by DFT (B3LYP) calculations, calling special attention to the conformational preferences of the phenyl substituents as a function of the oxidation state. As the Wiberg bond index (WBI), [23] a measure for the covalent character of a bond, increases from the neutral molecules (ca. 0.07-0.14) via the radical cations (0.06-0.21) to the dications (0.18-0.75), the conformational preference changes from an in-plane/perpendicular or transorientation of the two phenyl groups to a cis-orientation (see Tables  S2-S4 in the Electronic Supporting Information, ESI). For the ditelluride A3
2+ such a cis-orientation is indeed found in the solid (see Figure 2 below). The disulfide monocation is unique in that an inplane conformation of both Ph groups is predicted (BB conformation in Table S3 ), a minimum that is solely found for this species. The computed trend in the adiabatic first ionisation potentials follows that observed in the E 1 values reasonably well, with a slight decrease on going from A1 to A2 (observed 0.13-0.16 V, calculated 0.16 V), and a larger one on going from A2 to A3 (observed 0.41-0.42 V, calculated 0.29 V, see dispersion-and solvation-corrected enthalpies in Table  S6 ). The close energies of several geometric isomers adds considerable complexity to this analysis, but it seems certain that reorganization driven by E-E' bonding accompanies oxidation. 
c Separation between first and second processes, in V. 
, on a GC electrode. Vertical markers indicate the formal potentials of chemical oxidants in CH2Cl2.
In our efforts to access the radicals A +• and dications A 2+ we turned to the well-known tabulation of redox agents by Connelly and Geiger. [24] Ag + salts with weakly coordinating anions were considered because such anions can greatly stabilize electrophilic cations. Moreover, Ag + is more strongly oxidizing (0.65 V vs. Fc 0/+ ; Figure 1 ) in CH2Cl2 which is an attractive solvent for the acenaphthenes. The thermodynamic relationship between mid-point potentials for oxidant and reductant requires the oxidant to be ~0.12 V more positive to get at least 10:1 product. [24] Te NMR spectrum compared to the neutral compound A3 (δ = 585.9 ppm) [18] with single peaks at δ = 931.7 ppm (A3 2+ [BF4]2) and δ = 964.7 ppm (A3 2+ [OTf]2), indicative of dicationic species. [10, 14, 20] Crystals suitable for X-ray diffraction were obtained by recrystallization from slow diffusion of chloroform into a saturated acetone solution of the respective product at room temperature. Within each molecular structure, the A3 2+ acenaphthene fragment adopts an AA-type configuration, [13, 18, 25] aligning both phenyl rings perpendicular (axial) and cis to the mean acenaphthene plane ( Figure  2 ). The Te-Te bond distances of 2.8100(19) Å and 2.7960(7) Å are ~1.3 Å shorter than the sum of the van der Waals radii and ~0.6 Å shorter than the neutral species A3 (3.367(1) Å), [18] corresponding to a computed WBI of 0.67 (AAc isomer in Table S3 ). [23] The formation of an attractive Te-Te covalent bond across the peri-gap in each A3 2+ fragment is accompanied by a natural reduction in molecular distortion which is best highlighted by comparing the in-plane distortion within the bay region. The reduction in splay angle from 18.4° in the neutral and non-bonding compound A3 [18] to 5.3° and 6.0° in the two A3 2+ dications, represents the bay region angles becoming more acute as the exocyclic C-Te bonds come together as a result of bond formation. The Te(1)…F (1) The applicability of Ag + salts for oxidation of A1 and A2 is more nuanced than is the case for A3. Certainly, Em1 for A2 is sufficiently negative to predict at least a ten-fold excess of product (requires Em1 ≤ +0.53 V in CH2Cl2); more importantly, however, double oxidation ought not to occur even with an excess of reagent and we hoped therefore to be able to isolate salts of the radical cation A2 +• . For A1, on the other hand, Ag + salts are not expected to have sufficient strength even in CH2Cl2 to affect oxidation. Indeed, under similar reaction conditions to those employed for the oxidation of A3 to A3 2+ , 5,6-bis(phenylsulfanyl)acenaphthene A1 reacted with a single equivalent of silver tetrafluoroborate -bridging unit, coordinating through both chalcogen donor atoms to link two independent silver(I) ions (bis-monodentate; Figure 3) . [26] Each silver(I) centre is thus tetrahedrally coordinated to four S/Se atoms of four independent ligands, and by association connected to four adjacent silver(I) ions. Six Ag-L units (L = A1/A2) combine to form 36-membered "hexagonal" macrometallacyclic rings in which silver ions occupy the six corners of the hexagon and μ Silver is not a suitable oxidant for the S and Se systems since coordination of Ag + further reduces its strength as an oxidant. However, the NO 0/+ couple (1.00 V in dichloromethane) [24] is sufficiently more positive than the values of Em1 for the A2 0/+ (0.48 V), and A1 0/+ (0.62 V) processes, indicating reaction of NO + salts with A2 and A1 should permit oxidation to cation radicals A2 +• and A1 +• . Moreover, this reactant also does not exceed Em2 for A2 enough to convert more than 99% A2 +• to A2 2+ [23] and 1% radical is more than enough for detection of the radical by EPR spectroscopy. Indeed treatment of A2 with NOBF4 (1:1 ratio in CH2Cl2 under similar reaction conditions employed for the silver salts), produced an immediate colour change upon addition of the nitrosonium salt, encountering an intense ink blue solution which gradually faded over a few hours. The corresponding reaction of sulfur derivative A1 with NOBF4 gave a similar colour transformation, instantly turning the reaction mixture a vibrant red. Investigations of these intensely coloured intermediates by EPR showed the presence of radical species. For completeness the reaction of tellurium analogue A3 with NOBF4 was also investigated. As expected from the electrochemistry data (Em2 = 0.21-0.22 V), no intense colour change was observed upon the addition of NO + suggesting a radical species was not present. Instead oxidation to the dication A3 2+ [BF4]2 was observed in near quantitative yield. Se satellites split by an isotropic hyperfine splitting of 245(3) MHz). Close inspection reveals a second set of satellites which is attributed to 0.6% of the radical being delocalised over two 77 Se nuclei. The spectrum could be satisfactorily simulated [27] assuming binuclear selenium radical in natural abundance leading to the respective probabilities of observing none, one and two 
Experimental Section
Unless otherwise stated, all reactions were carried out under on oxygen free nitrogen atmosphere using pre-dried solvents and standard Schlenk techniques, subsequent chromatographic and work up procedures were performed in air. [BF4]2 were collected using the STANDARD automated system; [28] for Å3 2+ [OTf]2 using a Rigaku Mercury and for A1-Ag using a Rigaku SCX-Mini. Intensity data were collected using ω steps accumulating area detector images spanning at least a hemisphere of reciprocal space. All data were corrected for Lorentz polarization effects. Absorption effects were corrected on the basis of multiple equivalent reflections or by semi-empirical methods. Structures were solved by direct methods and refined by full-matrix least-squares against F 2 by using the program SHELXTL. Hydrogen atoms were assigned riding isotropic displacement parameters and constrained to idealized geometries. These data can be obtained free of charge via www. [OTf]2, A1-Ag and A2-Ag were prepared by a similar method as described below: to a solution of the respective oxidant (AgBF4/AgOTf/NOBF4) in dichloromethane was added one molar equivalent of the chalcogen donor ligand (A1-A3) in one batch at -30 ºC. The reaction mixture was stirred at this temperature for 3 h and then at room temperature for a further 12 h. The solvent was removed in vacuo. The crude product was washed with diethyl ether and the precipitate which formed was collected by filtration. An analytically pure sample of the respective product was obtained by recrystallisation. DFT computations were performed at the B3LYP/6-31+G* level, using a polarized Binning-Curtss basis on Se and the relativistic Stuttgart-Dresden pseudopotential on Te. Full computational and experimental details and characterisation can be found in the ESI.
In conclusion this work has demonstrated the utility of electrochemical studies in designing synthetic strategies. We have isolated and crystallographically characterised silver network complexes of sulfur and selenium systems whilst also isolating a dicationic Te-Te bonded species under similar reaction conditions. Using a stronger oxidising agent enabled the observation by EPR of the one electron radical cations derived from the sulfur and selenium acenaphthalenes.
